Highly luminescent water-soluble CdTe quantum dots were synthesized with an electrogenerated precursor. The size, morphology, optical properties as well as fluorescence stability were characterized by transmission electron microscope, high-resolution transmission electron microscope, powder X-ray diffraction, UV-vis-NIR spectrophotometer, and fluorescence spectrophotometer. The results show that the CdTe QDs with diameter ranging from 2.0 nm to 3.5 nm have good crystallizability, high quantum yield and favorable fluorescence stability. Moreover, the CdTe QDs demonstrate temperature-dependent reversible PL intensity variations at moderate temperatures above room temperature. It is also found that the QDs with different sizes possess different sensitivity to the temperature. All the studies indicate that the CdTe QDs are expected to be promising candidates for a variety of biological and biomedical applications.
INTRODUCTION
Semiconductor quantum dots (QDs) have been extensively studied in technological applications and fundamental studies due to their unique properties such as small size, size-tunable absorption and emission wavelengths, and superior photostability. The QDs exhibit sizedependent tunable photoluminescence (PL) with narrow emission bands that can be precisely tuned from blue to the near-infrared by varying the QD size and components, as well as broad absorption spectra that allow the simultaneous excitation of different QDs at a single wavelength. [1] [2] [3] [4] Over the past decade, significant progress has been achieved in controlling the size and surface of wetchemically synthesized semiconductor nanoparticles. [5] [6] [7] [8] [9] [10] [11] Two different approaches have been used to obtain watersoluble QDs. The first one is the ligand-exchange method: replacing the surface-capping molecules on particles prepared in hot coordinating solvents with water-soluble thiols, 9 12 13 silica 14 or phospholipids. 15 The second one is to directly synthesize QDs in aqueous solutions using * Authors to whom correspondence should be addressed.
water-soluble thiols as stabilizing agents. [16] [17] [18] However, both of the above-mentioned methods have some additional disadvantages such as expensiveness, complicated and time-consuming preparation, poor reproducibility, and low quantum yield (QY), which restrict their further applications in biological imaging and detection. 19 20 A facile and efficient strategy to prepare highly luminescent watersoluble QDs is thus still lacking.
To date, temperature effects on the PL properties of QDs are identified in single QDs and homogeneous solution phases. [21] [22] [23] [24] [25] [26] It was found that the PL of the QDs greatly changed relative to the change of ambient temperature. It was also reported that fluorescence thermometry is a versatile optical technique for the measurement of temperature by using the fluorescence from luminescent materials to determine temperature. 27 28 Therefore, investigation of the temperature-dependent PL properties of the QDs is of great significance for more efficient applications in biology.
In this paper, we report a facile synthesis of highly luminescent water-soluble CdTe QDs. First, CdTe precursors were formed by electrochemical reduction using a cathodic stripping Te electrode. The CdTe precursors were then heated in a water bath at 80 C, and a series of CdTe QDs with diameter ranging from 2.0 nm to 3.5 nm could be obtained by changing the heating time. The CdTe QDs were characterized by size, morphology, optical properties as well as fluorescence stability. Moreover, temperaturedependent PL of the CdTe QDs was investigated at moderate temperature above room temperature.
EXPERIMENTAL DETAILS

Materials
3-Mercaptopropionic acid (MPA), cadmium chloride, sodium hydroxide and acetone were commercially available products and of highest purity. Milli-Q water (Millipore) was used in all experiments.
Preparation of CdTe QDs
A series of highly luminescent CdTe QDs were prepared in an aqueous system with a novel Te source to conveniently produce a CdTe precursor using a cathodic stripping Te electrode. 29 The Te disc electrode for cathodic stripping was prepared by sealing a Te rod (4 mm in diameter) in a glass tube. Typically, the generation of CdTe precursors was carried out using an applied potential of −1.2 V in the electrolyte containing 2.0 mM CdCl 2 and 16.6 L MPA at pH 10 adjusted with 0.1 M NaOH solution. The CdTe precursors could be easily formed, accompanied by a color change of electrolyte from colorless to dark brown. The amount of the CdTe precursor was controlled by adjusting the charge consumed during cathodic stripping according to Farady's law. Subsequently, the solution of CdTe precursors was heated in a water bath with moderate stirring at 80 C. The CdTe QDs were gradually crystallized, the size of which could be controlled by changing the heating time. Finally, the products were deposited by acetone, and after centrifugation the precipitate was washed by acetone at least three times and redissolved in water.
Characterization
The size and morphology of the products were characterized by transmission electron microscope (TEM, JEOL, JEM-2000EX) and high-resolution TEM (HRTEM, JEOL, JEM-2100). Powder X-ray diffraction (XRD, Rigaku, D/MaxRA, = 1 5405 × 10 −10 m, CuK ) and selectedarea electron diffraction (SAED) were used to determine the crystal structure of the products. UV-vis absorption spectra were acquired using an UV-vis-NIR spectrophotometer (UV-3150, SHIMADZU). Fluorescence spectra were obtained on a fluorescence spectrophotometer (HITACHI, F-7000) operated at an excitation wavelength of 388 nm.
A detection system containing the Navitar Zoom 6000 system, SENTech STC-N63 CCD camera and LakeShore 321 autotuning temperature controller was used to investigate the temperature-dependent PL of the CdTe QDs. To prepare samples for PL measurements, 20 L of aqueous solution of the CdTe QDs was dropped onto a silicon wafer, and air-dried to form a thin solid film. The silicon wafer was then placed on a sample holder with temperature controller and illuminated with AC/DC Halogen light source. The PL intensity photographs were recorded by the CCD camera, and the scanned PL intensity distribution was carried out by software ImageJ.
RESULTS AND DISCUSSION
The basics of the aqueous synthesis of MPA-capped CdTe QDs can be understood based on the following chemical reactions:
(1)
Cd(SR) x Te y
Te 2− can be easily generated for the synthesis of CdTe precursor by electrochemical reduction of Te electrode according to reaction 1. CdTe precursor is formed at this stage (reaction 2). The formation and growth of CdTe QDs (reaction 3) proceed in water bath at 80 C. The electrochemical method adapted by ourselves provides an alternative for Te source in the synthesis of CdTe QDs, which is a much easier, more controllable, cleaner, and more reproducible way to synthesize aqueous CdTe QDs as compared with the methods described above. 16 18 Figure 1 shows the UV-vis absorption and PL spectra of MPA-capped CdTe QDs obtained at different heating times. The average diameters of the QDs could be estimated from their corresponding excitonic absorption peaks to be from 2.0 nm to 3.5 nm. 30 The size and size distribution of the CdTe QDs were further confirmed by TEM. 59.3%, respectively, and then reached a maximum value of 79.5% at 20 h. Such a remarkable QY is much higher than those of CdTe QDs synthesized in aqueous solution. 13 16 18 The morphology of the CdTe QDs was characterized with HRTEM. Under HRTEM, the CdTe QDs appear as nonspherical particles with highly crystalline structures ( Fig. 3(a) ). It also showed interplanar distances of 3.57 Å and 2.13 Å in two directions, corresponding to those of 3.52 Å and 2.12 Å for CdTe in a hexagonal primitive-type structure (JCPDS no. 190193 and crystallinity of the QDs were checked with XRD and SAED. As shown in Figure 3 (b), the SAED pattern of the particles showed them to be crystalline. The powder XRD pattern showed a strong diffraction peak at the center of 25 ( Fig. 3(c) ), which is typical for CdTe. Several sharp diffraction peaks at the 2 values of around 26.7 and 43.9 possibly came from the CdS phase in a hexagonal primitive-type structure (JCPDS no. 010783), which was usually found in mercapto-capped QDs due to the formation of core-shell structure between MPA and the surface of the CdTe. 11 The lattice parameters derived from SAED and XRD measurements fit to the hexagonal primitive-type structure (JCPDS no. 190193), which is different to that of cubic zinc blende described in previous reports. 31 The colloidal and fluorescent stability results of the MPA-capped CdTe QDs stored in pure water and PBS solution (pH 7.4) at 4 C in darkness revealed that their PL properties were monitored essentially the same in both media after storage for several months. This suggests that the CdTe QDs can be used as fluorescent labels in longterm biological imaging and tracking experiments. Figure 4 illustrates the temperature-dependent PL of the MPA-capped CdTe QDs. It is clearly seen in Figure 4 (a) that the PL intensity of the CdTe QDs decreased with increasing temperature and increased with decreasing temperature in the 297.5-325.3 K range. It was thought that the decline of PL intensity was caused by the thermal activation of surface traps leading to nonradiative recombination of excitons. 22 Moreover, the PL intensity is linearly and reversibly proportional to the temperature between 297.5 K and 325.3 K in heating-cooling cycles (Fig. 4(b) ). Nevertheless, the PL intensity obtained in the cooling is a little lower than its original in the heating. Possible explanation for this could be that the smaller QDs are less stable due to their large surface energy or some reactions such as oxidation would occur, which disturbed the repopulation of mobile electrons and holes leading to the irreversible PL quenching. 26 28 Furthermore, the temperature-dependent PL of three different sizes of CdTe QDs (2.2 nm, 3.0 nm and 3.5 nm) was also studied. The results show that smaller sized CdTe QDs exhibited more sensitive to the temperature. With the temperature increasing (295 K-325 K), the PL intensity of these three different sizes of CdTe QDs remained 65%, 76% and 83% of their original with a decreasing rate of ∼1.1% K −1 , ∼0.8% K −1 , and ∼0.6% K −1 , respectively ( reported that the modification of QDs surface is important for the PL sensitivity to the temperature. 26 32 Therefore, the different temperature-sensitive particles could be obtained by further modification of the QDs surface. What's more, the -COOH group of the MPA-capped CdTe QDs described here can be used to easily conjugate to the amine group of biological molecules (e.g., antibodies), which could be suitable candidates for biomedical application (in vitro and in vivo thermometry) due to their linear intensity shift over the physiological and hyperthermia temperature range.
CONCLUSIONS
Using a cathodic stripping Te electrode as a novel Te source to conveniently produce a CdTe precursor, a series of highly luminescent MPA-capped CdTe QDs were synthesized in an aqueous system. The as-synthesized CdTe QDs with diameter ranging from 2.0 nm to 3.5 nm had good crystallizability, high quantum yield and favorable fluorescence stability. Moreover, the CdTe QDs demonstrated temperature-dependent reversible PL intensity variations at moderate temperatures above room temperature, and the QDs with different sizes possessed different sensitivity to the temperature. Such results indicate that the CdTe QDs may have potential application as biolabel in sensitive biosensing and imaging.
